increase in cyclic AMP (Johnson et al., 1972; Ingebretsen et al., 1972; Kirk & Hems, 1974; Christoffersen &Berg, 1974; Exton &Harper, 1975; Hutsonet al., 1976; Cherrington et al., 1976; Hems et al., 1978) . The present study is concerned with the question of what changes in metabolite compartmentation might occur when liver cells are incubated with dibutyryl cyclic AMP or with glucogenic agents that cause either a relatively small increase or no change in cellular cyclic AMP, such as adrenaline and isoproterenol (Tolbert et al., 1973; Exton & Harper, 1975; Hutson et al., 1976; Chan & Exton, 1977) or phenylephrine (Exton & Harper, 1975; Hutson et al., 1976; Cherrington et al., 1976; Chan & Exton, 1977) and vasopressin (Kirk & Hems, 1974; Hems et al., 1978) respectively. Surprisingly, the effects of dibutyryl cyclic AMP on metabolite distribution proved to be different from those produced by glucagon.
Materials and methods
Male Sprague-Dawley rats (E. Jautz, Kisslegg, Germany) weighing about 220g after starvation for 48 h were used for liver cell isolation. Coenzymes, enzymes and other chemicals were the same as in an earlier study (Siess et a[., 1977) if not stated otherwise. Adrenaline, isoproterenol, vasopressin and DL-carnitine came from Serva (Heidelberg, Germany). Phenylephrine and sodium lactate were purchased from Roth (Karlsruhe, Germany). Dibutyryl cyclic AMP was obtained from Boehringer (Mannheim, Germany). Liver cells were prepared as described by Siess et al. (1977) . The incubation mixture contained 0.6ml of Caz+-free Krebs-Henseleit bicarbonate buffer (Krebs & Henseleit, 1932) , pH7.4, fortified with 1.5 % gelatin, 2 m~-~~-c a r n i t i n e and 2mM-lysine, 0.4ml of normal rat serum (Siess & Wieland, 1975) , 0.1 ml of 10% defatted (Chen, 1967) bovine serum albumin in 0.9% NaCI, 0.01 ml of l l O m~-C a C l~, 0.05ml of 220m~-~-lactate and 0.2ml of the liver cell suspension. Incubation was performed as described in the legend to Table 1 . Liver cell fractionation was performed by the digitonin method (Zuurendonk & Tager, 1974) as described (Siess & Wieland, 1976) . The methods applied for the determination of metabolites were those stated earlier (Siess et al., 1977) .
Results and discussion
The rates of glucose formation by isolated hepatocytes from starved rats incubated with lactate in the presence of a variety of gluconeogenic stimuli are recorded in Table 1 .
The activation by 0.1 mM-dibutyryl cyclic AMP was equal to that of a saturating (Siess The cells were incubated at 37°C for 30min before a single dose ( 5 p l ) of the effectors was added to yield an initial medium concentration of 7pg of glucagon/ml, 0.1 mMdibutyryl cyclic AMP, 250punits of vasopressin/ml, 10pM-phenylephrine and 5 p~-isoproterenol, and incubation was continued for 10min. The controls received the solvent only. Mean va1uesks.E.M. are given for the numbers of different cell preparations in parentheses. Statistical significance against the control was calculated by Student's t test for paired data. *P < 0.05; tP < 0.01 ; 0P < 0.005.
Metabolite change (pmol/lOmin per g dry wt.) c Acetoacetate 3-HydroxyCondition Glucose (A) butyrate (B) A+B BIA Control 59.5 i-4.7 6.9 f 0.9 2.5 f 0.5 9.4 0.36 (15) ( 1 5 (Hems & Whitton, 1973) , also occurs in isolated liver cells. In contrast with gluconeogenesis, ketogenesis was increased (P <0.005) only by glucagon (Table 1) ; dibutyryl cyclic AMP, vasopressin and the catecholamines, in the concentrations used, did not cause any increase. However, all the agents studied caused the mitochondrial redox state, as indicated by the 3-hydroxybutyrate/acetoacetate ratio (Williamson et al., 1967) , to become more reduced (Table 1) . Table 2 summarizes the changes of the concentrations of phosphoenolpyruvate, 2-oxoglutarate, glutamate, ATP and ADP that occur in the mitochondria1 and cytosolic spaces after the incubation of hepatocytes with various effectors. Unidirectional effects have been observed with respect to an increase in the amount of phosphoenolpyruvate and a decrease in the amount of 2-oxoglutarate in the mitochondria1 space. In the cyto-glucagon, dibutyryl cyclic AMP, vasopressin and catecholamines on the mitochondria1 (m) and cytosolic (c) metab from 48 h-starved rats in the presence of lOm~-Iactate bated as described in the legend to sol, the amount of phosphoenolpyruvate was increased by all the effectors, except vasopressin. Isoproterenol decreased the amount of 2-oxoglutarate in the mitochondrial matrix, but not in the cytosolic space. It likewise had no effect on the amount of glutamate in both compartments, whereas the other agents caused a marked decrease in glutamate.
Cytosolic ADP remained unchanged under all conditions, except in the presence of adrenaline. The actions exerted on mitochondrial ADP and on the concentrations of ATP were not uniform. Glucagon, as reportedearlier (Siess et al., 1977) , and adrenaline lowered the cytosolic ATP content, which was unchanged after administration of dibutyryl cyclic AMP, vasopressin, phenylephrine and isoproterenol (Table 2) . Intramitochondrially, the ATP content was increased by glucagon, in agreement with earlier results (Siess et al., 1977) , and by vasopressin and phenylephrine. In contrast, dibutyryl cyclic AMP and isoproterenol produced no change in matrix ATP. The situation was different with respect to mitochondrial ADP, which was augmented to the same extent by all the agents studied, except isoproterenol. Our results are at variance with the data reported by Bryla et al. (1977) , where dibutyryl cyclic AMP caused an increase in matrix ATP identical with that caused by glucagon and caused a concomitant decrease in the ADP content.
The effect of glucagon on ATP compartmentation was clearly different from that of dibutyryl cyclic AMP (Table 2) or cyclic AMP, which generally functioned like its dibutyryl derivative but its action was less pronounced (results not shown). Thus it appears that the action(s) of glucagon on metabolite distribution are not mediated solely by an elevation of the intracellular concentration of cyclic AMP.
Adrenaline and phenylephrine, but not isoproterenol, displayed most of the effects of glucagon. From this one might conclude that glucagon influences the subcellular metabolite concentrations by a mechanism analogous to the mode of action of phenylephrine and adrenaline on glycogen synthase and phosphorylase which does not involvecyclic AMP-dependent protein kinase (Hutson et al., 1976) . Vasopressin may have acted in a similar manner since it evoked the same changes in the subcellular metabolite concentrations as phenylephrine. This view is consistent with the finding that hepatic cyclic AMP was not altered during stimulation by vasopressin of glucose output by the perfused liver (Kirk & Hems, 1974) .
Isoproterenol affected the metabolite concentrations in a manner qualitatively similar to dibutyryl cyclic AMP. Both agents lowered matrix 2-oxoglutarate by some 50 % and were ineffective on matrix ATP. Isoproterenol, however, not only showed a much smaller stimulation of gluconeogenesis, but also failed to change the mitochondrial glutamate concentration and the cytosolic amounts of 2-oxoglutarate and glutamate. This could be explained by the fact that isoproterenol causes only a transient rise in cellular cyclic AMP concentration, being maximal in hepatocytes after 1 min of exposure (Tolbert et al., 1973; Exton & Harper, 1975) . The most striking changes in metabolite concentrations on incubation of isolated hepatocytes with glucagon, dibutyryl cyclic AMP, catecholamines and vasopressin were the decrease in 2-oxoglutarate concentration and the increase in phosphoenolpyruvate concentration in the mitochondrial matrix, yielding the relationship shown in Fig. 1 . From this result and the effect on the mitochondrial redox state (Table l) , one might conclude that the various agents may share (a) common mitochondrial site(s) of action. This view is in accord with the fact that mitochondria isolated from the livers of rats that had been treated with glucagon, adrenaline or dibutyryl cyclic AMP showed an increased rate of respiration (Yamazaki, 1975; Titheradge & Coore, 1976 ; Bryia et a Wieland etal., 1978) . Moreover, it has been documented that after the incubation of liver cells with these agents, the rate of pyruvate carboxylation of the isolated mitochondria was enhanced (Garrison & Haynes, 1975) .
Also the demonstration that glucagon and adrenaline failed to lower the flux through pyruvate kinase during gluconeogenesis from lactate in liver cells from starved rats (Rognstad & Katz, 1977) is consistent with the above suggestion that a primary site of hormone action in the regulation of gluconeogenesis is located in the mitochondria. The conditions of cell incubation were those described in the legend to Table 1 . 0, Glucagon; A, dibutyryl cyclic AMP; A, vasopressin; 0 , adrenaline; W, phenylephrine; 0, isoproterenol.
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